Previous studies on the cell cycle of Arabidopsis thaliana have been hindered by the lack of synchronous cell culture systems. We have used liquid callus cultures and a cycloheximide-synchronized suspension culture of Arabidopsis to investigate changes in cyclin transcript levels in response to exogenous auxin, cytokinin, and nutrients, and during the cell cycle. Cell division is a process essential for cellular life, enabling proliferation of single-celled organisms and the establishment of a structural and functional division of labor during the growth of multicellular organisms. In complex multicellular organisms cell division is tightly regulated within a developmental program. Higher-plant morphogenesis is intimately associated with regulated cell division and expansion, two closely coordinated processes. Mechanisms controlling cell division have been well conserved
throughout evolution, both structurally and functionally. Molecular components of the cell-cycle machinery originally discovered in yeast and animals have been found to exist in higher plants and have been reviewed recently (Doerner, 1994; Francis and Halford, 1995) .
A family of Ser/Thr protein kinases, termed cyclindependent kinases, and their activating protein cofactors, termed cyclins, play an important role in the regulation of the eukaryotic cell cycle and are well reviewed (King et al., 1994; Nurse, 1994; Sherr, 1994) .
In animal and yeast cells oscillations in cyclin abundance during the cell cycle are often mirrored by changes in the abundance of their corresponding mRNAs (Pines and Hunter, 1989, 1990 ; reviewed by Pines, 1995) . Mammalian cyclin A and B transcripts accumulate periodically during the cell cycle, peaking at G2/M (Pines and Hunter, 1989, 1990) , and mammalian cyclin E transcripts peak in abundance at the end of G1 (Lew et al., 1991) . The correlation between cyclin A and E protein levels and their associated kinase activity in mammalian tissue culture cells suggests that the levels of these cyclins drive their associated kinase activities (Dou et al., 1993) . Mammalian D1 cyclin functions during G1, but its transcript leve1 does not show dramatic cell-cycle-related changes in abundance (Matsushime et al., 1991; Sewing et al., 1993) . However, cyclin D levels are highly responsive to the presence of serum growth factors, declining rapidly on their withdrawal and increasing rapidly when quiescent cells are reactivated (Matsushime et al., 1991; Ajchenbaum et al., 1993; Ando et al., 1993) , suggesting that they play a role in transducing extracellular signals into the cell-cycle control machinery (Ando et al., 1993; Baldin et al., 1993; Sewing et al., 1993 ; reviewed by Sherr, 1993 Sherr, , 1994 .
AI1 Arabidopsis thaliana cyclins isolated to date fall into three broad groupings bearing the sequence hallmarks and patterns of expression of D (6) cyclins (Soni et al., 1995) A or B, which are predominantly expressed during G2/M (Hemerley et al., 1992; Day and Reddy, 1994; Ferreira et al., 1994a) . Renaudin et al. (1996) have shown that plant cyclins have sequence characteristics that clearly relate them to animal cyclins, and the nomenclature A, B, and D has been proposed to indicate this.
A. thaliana has become a model organism because of its suitability for classical and molecular genetics (Meyerowitz and Pruitt, 1985) , but cell-cycle studies in this species have been impeded because A. thaliana suspension cultures have Plant Physiol. Vol. 11 2, 1996 proved difficult to synchronize (Ferreira et al., 1994a) . Synchrony provides large numbers of cells at defined points of the cell cycle, and as such is a prerequisite for many biochemical techniques used to investigate molecular events during the cell cycle. Investigations into the role of cyclins in A. thaliana have to date largely involved populations of cells allowed to accumulate at a particular point of the cell cycle in the presence of toxins (Hemerley et al., 1992; Ferreira et al., 1994a Ferreira et al., , 1994b . Limited synchrony of liquidcultured callus cells following release from hydroxyurea arrest can be achieved (Soni et al., 1995) , but the agglomeration of cells in such cultures makes synchrony difficult to induce and measure.
Cell cultures providing a high degree of synchrony are generally homogeneous and well dispersed (Darzynkiewicz et al., 1979; Jonak et al., 1993) , with a rapid culture doubling time, and are available for a number of species including Medicago sativa (alfalfa; Hirt et al., 1992) , Catkaranthus roseus (Madagascan periwinkle; Kodama and Komamine, 1995) , and Nicotiana tabacum (tobacco; Nagata et al., 1992) . In some plant cell cultures, simply subculturing cells into fresh medium is sufficient to induce synchrony (Conia et al., 1990) , but this is an exception. Synchrony in plant cell cultures can also be achieved by sequential withdrawal and provision of nutrients or phytohormones, but different cell lines from the same species often display marked differences in their susceptibility to such treatments (Kodama and Komamine, 1995) . Despite problems of uncertain specificity, the use of inhibitors to synchronize cultures is common, and has been reviewed (Pardee and Keyomarsi, 1992) . We have tested a number of inhibitors for synchronizing A. thaliana suspension-culture cells and have developed an effective synchronization procedure using cycloheximide.
We report on the expression of A. thaliana cyclins in both reactivated and synchronized cells. The pattern of expression of cyclins observed was in agreement with conclusions drawn by Soni et al. (1995) on A. thaliana D-type cyclins, and is consistent with the classification of Cycl, Cyc2, and Cyc3 cyclins proposed by Renaudin et al. (1996) .
MATERIALS A N D M E T H O D S Liquid Culture of Callus
Liquid-grown callus cultures were derived and maintained as described by Soni et al. (1995) . Deprivation of phytohormones (2,4-D, kinetin) was as previously described (Soni et al., 1995) , with the exception that SUC (3%, w / v) was maintained in the medium throughout the experiment, and samples were taken at the various times indicated. For the nitrate-starvation experiment, callus material was transferred to a medium as described by Murashige and Skoog (1962) with the omission of potassium nitrate and ammonium nitrate, and incubated for 48 h. RNA gel blot analysis and probes were as described (Soni et al., 1995) .
Culture of Suspension Cells
A suspension culture of Arabidopsis thaliana ecotype Landsberg erecta (May and Leaver, 1993) was used as the starting material. The cells were grown in Murashige and Skoog medium (Imperial Laboratories, Andover, Hampshire, UK) containing 3% (w/v) SUC, 0.5 mg/L NAA, and 0.05 mg/L kinetin; pH was adjusted to 5.8 with KOH. The medium was autoclaved with phytohormones present at 121°C for 10 min, followed by rapid cooling. Prior to inoculation, medium was prewarmed to 25°C. Cells in 200 mL of medium were incubated in a 500-mL conical flask and shaken at 120 rpm at 25°C in constant light. Rapidly dividing cells were selected by gradually reducing the interval of subculture from 7 to 3 d; cells were diluted 10-fold at each subculture. For long-term maintenance of the line, cells were diluted 40-fold and subcultured every week. Growth was monitored by determining cell densities.
Cell Density
Cell density was measured by hemocytometry after maceration (Brown and Rickless, 1948) . Cell suspension (5 mL) was added to an equal volume of 20% (w/v) CrO, and left overnight at room temperature. Cells were dispersed by forcing 1 mL of suspended cells seven times through a syringe needle of 0.4-mm diameter. Cell density was then determined using a hemocytometer. Cells in CrO, solution could be stored at 4°C for up to 2 weeks with no change in measured cell density. Measurements were performed in triplicate on each of three separate samples for every data point; error bars represent SE.
Mitotic lndex
Suspension-culture cells (5 mL) were fixed in an equal volume of 65% (v / v) formic acid. A small quantity of cells was hydrolyzed in 5 N HCl for 10 min at room temperature, and resuspended in aceto-orcein (Sigma). One thousand cells were examined to determine a mitotic index, and the procedure was repeated three times to ensure accuracy. Due to experimental limitations, cells in prophase could not be reliably scored, and mitotic indices, therefore, represent cells in metaphase, anaphase, or telophase.
Thymidine lncorporation
Suspension-culture cells (1 mL) were incubated in 2 /AM [meth~l-~HIthymidine with a specific activity of 5 Ci/mmol (Amersham) for 45 min at 25°C with constant gentle agitation. Labeled cells were washed in fresh medium before being flash-frozen in liquid nitrogen and stored at -70°C. Cells were subsequently incubated in 1 mL of 10% TCA for 2 h on ice, and the acid-soluble label was removed by washing cells on a glass microfiber filter (GF/C, Whatman) with vacuum aspiration of washes. Cells were washed with 2 X 5 mL of 5% TCA at O"C, followed by 5 mL of water at 100°C. Residual acid-insoluble radioactivity was measured in an aqueous scintillation cocktail. Nonspecific back-ground incorporation was determined by the labeling of stationary-phase cells, and was subtracted from values obtained with synchronized cells.
Toxins
Stock solutions of toxins were prepared as follows: Cycloheximide (Sigma) was dissolved in 4 mL of absolute ethanol, and then diluted to a final concentration of 5 mg/mL with 16 mL of KOH solution, pH 4.0. Staurosporine (Calbiochem) and quercitin (Sigma) were dissolved in DMSO at 0.146 and 169 mg/mL, respectively. Mimosine (Sigma) was dissolved in 1 M NH 4 OH at 25 mg/mL. Toxin solutions were filter-sterilized, diluted, aliquoted, and stored at -20°C. Working concentrations of solvent solutions did not detectably affect cell culture growth. Cells were removed from the inhibitor by washing four times in fresh medium.
Synchronization
For large-scale synchronizations, 800 mL of freshly subcultured cells were incubated in a 2-L flask for 28 h under conditions described above. Cycloheximide was then added to a final concentration of 150 nM. After another 24 h of incubation, cells were rinsed with fresh medium before continued incubation as 200-mL aliquots in 500-mL flasks.
RNA Extraction
Cells were harvested by vacuum filtration of suspensions through cellulose filters with a pore size of 5 /xm, then flash-frozen in liquid nitrogen. RNA was extracted using a guanadinium thiocyanate extraction buffer (Wadsworth et al., 1988) . RNA pellets were washed twice in 3 M sodium acetate, pH 5.2, to remove contaminants (Logemann et al., 1987) .
RNA Gel Blot Analysis
Purified RNA (10 /ng) was fractionated on formaldehydeagarose gels, blotted onto nylon filters (Hybond-N, Amersham), and fixed by UV cross-linking. Probes were prepared by random, hexanucleotide-primed synthesis (Feinberg and Vogelstein, 1984) . Labeled fragments were as follows: histone H4 (Hindlll, a gift of Dr. Ben Scheres, University of Utrecht, The Netherlands); Acl6-encoding porphobilinogen deaminase (EcoRI, a gift of Dr. A. Smith, University of Cambridge, UK); cdc2a (BamHI-Asp7l8, a gift of Dr. Peter Doerner, Salk Institute, La Jolla, CA); CYClAt(EcoRl), , and CYC3bAt(EcoRlXhol), gifts from Dr. Dirk Inze (Universiteit Gent, Belgium) (Hemerley et al., 1992; Ferreira et al., 1994a) ; and CYCD1, CYCD2, and CYCD3 (82, 52, and 53) as described (Soni et al., 1995) . c7 and c9, two cDNA probes isolated in our laboratory from an A. thaliana cDNA library constructed in AYES (Elledge et al., 1991), were used as noncell-cycle-regulated controls. Neither c7 nor c9 had significant homology to functionally characterized sequences present in databases, and were both expressed in suspension-culture cells of A. thaliana during the exponential growth phase and the stationary phase (data not shown). Hybridization was carried out in 0.25 M Na 2 HPO4, pH 7.2, 7% SDS, at 65°C overnight. Filters were washed at 65°C in a series of solutions for 20 min in each. The washes all contained 5% SDS, and the salt concentration was reduced from 200, to 100, to 50, to 25 mM Na^PO^ pH 7.2. Filters were analyzed by autoradiography and with a phosphor imager (Molecular Dynamics, Sunnyvale, CA).
RESULTS

Transcript Levels in Callus Cultures
To investigate transcript levels of D cyclins following release from enforced quiescence, a liquid-cultured callus was deprived of exogenous phytohormones (2,4-D, kinetin) for 48 h and then returned to a complete medium. Following readdition of the phytohormones, samples were removed for RNA analysis at periods up to 79 h ( Fig. 1 ). An increase in CYCD3 transcript levels was observed after 24 h in parallel with H4 transcript levels, which have an expression strongly correlated with the S phase in tobacco BY-2 cells (Reichheld et al., 1995) . CYCD2 transcript levels were unaffected by reinduction of division, consistent with the fact that they are insensitive to the presence of exogenous phytohormones (Soni et al., 1995) . Transcripts of the CDK cdc2a remained constant during the experiment, and CYCD3 cyclin transcripts were not detected (data not shown).
Starvation of nitrate causes plant cells to cease division and accumulate in the Gl phase (Gould et al., 1981) . Liquid-cultured callus was transferred to a medium lacking nitrate for 48 h and, following readdition of nitrate, samples were taken for RNA analysis at intervals up to 29 h (Fig. 2) . No change was observed in the expression of CDC2a, CYCD2, CYCD1 (not shown), or the control probe encoding proporphobilinogen deaminase (Acl6), but cyclin D3 transcript levels were found to be strongly dependent on nitrate availability.
Suspension Culture
To investigate the timing of cyclin expression during the Arabidopsis cell cycle more precisely, we devised an improved method for synchronizing A. thaliana cells. Although partial synchrony can be induced in liquid-grown callus cultures (Soni et al., 1995) , the agglomeration of cells in such cultures makes synchrony difficult to induce and measure. A rapidly dividing, finely dispersed cell line appears to be a prerequisite for good synchronization of cell suspensions (Nagata et al., 1992; Jonak et al., 1993) . Such a culture of A. thaliana was produced by sequential subculturing of a suspension culture at decreasing time intervals. Under conditions favoring rapid cell division, the culture was well dispersed (Fig. 3 ) and grew with a doubling time of 22 h. Exponentially dividing asynchronous populations displayed a mitotic index of 3.1% (SE 0.09%). A high proportion of the cells appeared densely cytoplasmic and contained approximately 20 chromosomes per cell, which is the tetraploid number for A. thaliana.
Toxin Characterization
A variety of toxins were evaluated as suitable inhibitors for synchronizing suspension-culture cells of A.
thaliana. Because of our interest in control points within Gl and at the Gl/S transition, inhibitors capable of leading to arrest within Gl were chosen as candidates. The precise molecular targets of the toxins used are not known, but they have been used to induce synchrony in other systems. Quercitin is a flavone capable of inhibiting a broad range of enzymes, and reversibly arrests mammalian cells in Gl (Yoshida et al., 1992) . Cycloheximide inhibits protein synthesis by preventing peptide bond formation. It delays the cell cycle by elongating the prerestriction point of the cell cycle in mammalian cells (Rossow et al., 1979) and the prestart point of the cell cycle in budding yeast (Ko and More, 1990) . Its action is due to the inhibition of a specific regulatory step in the cell cycle sensitive to protein synthesis inhibition rather than a general metabolic inhibition (Campisi et al., 1982) . Inhibition of protein synthesis in Catharanthus roseus cells with either cycloheximide or ansiomycin is more effective in preventing cell-cycle progression during the Gl phase than the S phase, and cycloheximide has been used to arrest an asynchronous population of dividing Catharanthus cells during Gl (Ohnishi et al., 1990) . Mimosine is the most effective inhibitor of the S phase known (Levenson and Hamlin, 1993) , arresting cells in the very late Gl (Hanauskee-Abel et al., 1995) and/or S phase (Gilbert et al., 1995) . Staurosporine is a potent, broad-range inhibitor of protein kinases, including p34 cdc2 -type kinases (Gadbois et al., 1992) , capable of reversibly arresting mammalian cells in the Gl phase (Crissman et al., 1991) .
Aphidicolin and hydroxyurea are both agents that have been used successfully to synchronize plant suspension cultures (Nagata et al., 1992; Savoure et al., 1995) . We did not assess these as agents for inducing synchrony, since both act within or at the onset of the S phase as direct or indirect inhibitors of DNA polymerase activity (Levenson and Hamlin, 1993) . We were interested in regulatory processes involved in the Gl exit, which operate at points unlikely to provide cell populations with good synchrony at the times of interest. Of the above inhibitors severa1 proved unsuitable as synchronizing agents. Staurosporine did not inhibit cell division when present at concentrations of up to 312.5 nM, two orders of magnitude higher than levels effective in animal systems (Abe et al., 1991; Crissman et al., 1991) . Quercitin inhibited cell division at a concentration of 500 p~, but cells exposed to 100 or 500 p~ turned brown in response, symptomatic of necrosis. Cycloheximide and mimosine inhibited cell division (Fig. 4) , without causing cells to display stereotypical symptoms of stress. Cycloheximide or mimosine concentrations of 150 nM and 100 p~, respectively, arrested division in exponentially growing asynchronous cell populations. Resumption of division occurred when cells were restored to toxin-free medium in the case of cycloheximide arrest (Fig. 5) , but mimosinearrested cells did not resume division (data not shown).
Culture Synchronization
1027
Cells subjected to the synchronization regimen described in "Materials and Methods" performed their first division after release in a partially synchronous manner (Fig. 5) . Greater than 95% of arrested cells recovered and underwent division within 36 h of release. The rate at which cells incorporated [3H] thymidine into acid-insoluble material was used as an indicator of DNA synthesis, which peaked between 9 and 13 h after release (Fig. 6) . The mitotic index of the population peaked 16 h after release with 9.1% (SE 0.05%) of cells in metaphase, anaphase, or telophase (Fig.  6) . Examination of cells prior to 12 h after release revealed that very few cells were in mitosis; therefore, no mitotic index was determined for these time points. The shape of both the thymidine incorporation and mitotic index peaks suggested that the majority of the population traversed the cell cycle rapidly in synchrony. However, the population contained a minority of laggard cells that reduced the system's ability to resolve events related to the exit from such phases, as indicated by the trailing edge of the peaks in 13H]thymidine incorporation, and by the mitotic index.
Transcript Patterns in Synchronized Cells
To determine the accumulation of cyclin transcripts during cell division RNA was extracted from suspension-culture cells at various times after the release of cells from toxin-induced arrest of cell division. Transcript levels of mRNAs were determined by northern blotting of total RNA, followed by hybridization of radiolabeled probes to membrane-immobilized RNA. Membranes were analyzed using a phosphor imager (Fig. 7A) and film (Fig. 78) . CYCI, CYC2, and CYC3 mRNA levels peaked during mitosis 16 h after release. The kinetics of mRNA accumulation for the different classes of mitotic cyclins were different: levels of CYC3 increased earlier than those of CYC1 or CYC2, starting close to the beginning of the S phase, as defined by [ 3 H]thymidine incorporation and histone H4 expression. CYCD1 (dl) transcript was not detectable at any time, whereas CYCD2 (82) transcript levels remained relatively constant throughout the cell cycle. CYCD3 (S3) transcript levels had started to increase by 4 h, slightly before histone H4 and mitotic cyclin transcripts, reaching a maximum during the early S phase and remaining constant thereafter. Levels of all CYCD transcripts remained relatively constant from 24 to 56 h after release (data not shown). As a control, the levels of two noncell-cycle-regulated transcripts were followed throughout the experiment and remained constant. Patterns of transcript abundance for histone H4, CYC1, CYC2, and CYC3 revealed a marked decay of synchrony subsequent to the first cell cycle (data not shown).
'
The S phase coincided with elevated histone H4 transcript levels, occurring between 8 and 12 h after release. The degree of induction observed with histone H4 transcripts during the S phase was 60% above basal levels of expression; only slightly lower levels of mRNA accumulation were observed immediately subsequent to mitosis. This was in contrast to the 150% increase observed in the case of CYCD3, CYC2, and CYC3 mRNA, and to the 1400% increase observed in CYC2 mRNA levels upon induction. 
D I SC U SSI O N
We have investigated the transcript levels of A. thaliana cyclins in cells deprived and resupplied with exogenous phytohormones or nitrate and during the cell cycle in synchronized cells. Liquid-cultured callus tissue was used to investigate cyclin expression in response to nutrient and phytohormone deprivation, but these cultures proved unsuitable for detailed investigation of transcript levels throughout the cell cycle. Therefore, we developed a procedure for synchronizing suspension-cultured cells of A. thaliana.
Synchronization of an A. fhaliana Cell-Suspension Culture
An important prerequisite for plant cell synchronization is fast growth (Nagata et al., 1992) , as long culture doubling times are associated with a low percentage of actively dividing cells (Wang et al., 1982) . Although the 22-h doubling time achieved here for A. thaliana is substantially longer than the approximately 8.5 h reported for seedling meristem cells ( Van't Hof et al., 1978) , increase in cycle length is a common feature of suspension-cultured plant cells (Bayliss, 1985) . The rate of growth and the welldispersed nature of this A. thaliana cell line was probably a major factor in its successful synchronization.
Toxins were assessed for their ability to synchronize cells in the culture with minimal secondary effects. Severa1 of the toxins proved unsuitable as primary synchronizing agents. Staurosporine did not inhibit the growth of cells, even at concentrations far higher than those found to be effective in animal systems (Abe et al., 1991; Crissman et al., 1991) . Tobacco BY-2 cells also have a high resistance to staurosporine inhibition of G2 processes (Katsuta and Shibaoka, 1992) , and it is possible that plant cell G1 processes are also poorly inhibited by staurosporine. A. thaliana cells proved more resistant to inhibition of cell division by quercitin than were mammalian cells (Yoshida et al., 1992) , and phenolic production symptomatic of stress was observed at concentrations below those effective at inhibiting cell division. Mimosine irreversibly arrested cell division at concentrations similar to those effective in animal systems. Irreversible arrest appears to be a property of mimosine when applied to asynchronous populations in both hamster (Mosca et al., 1992) and A. thaliana (Perennes et al., 1993) cells.
Cycloheximide was found to be capable of inducing synchrony in suspension-cultured A. thaliana cells. Cycloheximide delays cell-cycle progress by extending the prerestriction point (R) G1 in mammalian cells (Rossow et al., 1979) or pre-START G1 in budding yeast cells (Ko and More, 1990) , and has been used to arrest an asynchronous population of dividing C. roseus cells in G1 (Ohnishi et al., 1990 ). Inhibition of cell-cycle progress is due to a sensitive regulatory step, not to general metabolic inhibition (Campisi et al., 1982) .
The steady-state levels of many unstable transcripts are increased in the presence of cycloheximide (Cleveland and Yen, 1989) , including plant "small auxin-up RNAs" (Franco  et al., 1990) . Cycloheximide results in increased transcript levels as a result of diverse transcript-specific mechanisms (Pachter et al., 1987; Koeller et al., 1991; Wisdom and Lee, 1991; Stordeur et al., 1995) , and also disrupts pre-rRNA processing in HeLa cells (Hadjilova et al., 1993) . Although the concentration of cycloheximide used in our synchronization was at least one order of magnitude lower than that used to demonstrate the above effects, we cannot exclude the possibility that the cycloheximide treatment is responsible for an artifactually high starting leve1 of the cyclin transcripts investigated. The small initial decrease observed in the case of most transcripts may be due to such an effect, but most of our inferences are drawn from an increase in levels subsequent to release.
Release from the cycloheximide block was followed by a peak in thymidine incorporation and histone H4 expression associated with the S phase (Reichheld et al., 1995) ; a peak in mitotic index; and an abrupt increase in cell number with a subsequent plateau phase in which there was no change in cell number. We observed a lag between the peak of mitotic index and cytokinesis (measured as cell number increase), which we ascribe to the method used for determining cell density, since this may fail to detect nascent cell walls (Yeoman and Evans, 1967) . Greater than 95% of cells participated in the synchronous division, as determined by cell-density measurements during the plateau phase. Similar levels of participation have been reported in the case of subculture-induced synchrony in Datura innoxia (Conia et al., 1990 ), but the procedures described here provide better participation than the 70 to 80% recovery of C. roseus cells subjected to auxin or phosphate synchronization (Kodama and Komamine, 1995) , and the approximately 70% participation of alfalfa cells released from hydroxyurea inhibition (Savouré et al., 1995) . The peak mitotic index observed during the first division was determined to be only 9%, but this figure is artificially low due to our exclusion of prophase cells from the measurement, and is comparable with auxin-or phosphate-synchronized C. roseus cells (Kodama and Komamine, 1995) , although low in comparison with aphidicolin-synchronized tobacco BY-2 cells or alfalfa A2 cells, which exhibit peak mitotic indices of approximately 70% (Nagata et al., 1992) and approximately 30% (Savouré et al., 1995) , respectively. Nevertheless, the synchrony that we observed with A. thaliana was the best obtained to date for this species, and is sufficient to enable the study of biochemical events in specific phases of the cell cycle. The system provides useful synchrony from the point of arrest in the G1 phase through mitosis. Potential avenues exist for improving the usefulness of the system, including continued subculture to improve culture homogeneity and the use of inhibitors acting later in the cell cycle. The task of identifying suitable inhibitors should be facilitated by the ability to feed cells from a cycloheximide block into other inhibitors. In both plant (Perennes et al., 1993) and animal (Tobey et al., 1990; Mosca et al., 1992) systems the use of such a strategy is sometimes required to achieve a high proportion of reversibly arrested cells. 
Expression of Plant D Cyclins
CYCDl transcript was present at very low levels in callus and suspension-culture cells, as has been observed previously for callus cells (Soni et al., 1995) . CYCD2 transcript levels appeared to be insensitive to changes in environmental levels of phytohormones and nitrate, despite their sensitivity to SUC levels (Soni et al., 1995) . They were also relatively constant throughout the cell cycle in suspensionculture cells synchronized with cycloheximide. This contrasts with the repression of CYCD2 transcript levels in hydroxyurea-treated cells (Soni et al., 1995) , but correlates with the relatively constant levels of mammalian D1 cyclin mRNA maintained throughout the cell cycle (Matsushime et al., 1991; Sewing et al., 1993) .
In both liquid-cultured callus cells restimulated with phytohormones and in synchronized suspension-culture cells, CYCD3 transcript levels increased in parallel with or slightly in advance of histone H4 transcripts, in which expression is closely correlated with the S phase (Reichheld et al., 1995) . CYCD3 transcript levels also increase in advance of those for histone H4 in cells released from a hydroxyurea block (Soni et al., 1995) . These observations from a variety of experimental treatments suggest a role for CYCD3 at G l / S in the cell cycle, as is the case for mammalian D cyclins (Sherr, 1994) . Unlike the reduction observed with hydroxyurea (Soni et al., 1995) , CYCD3 transcript levels were elevated slightly on arrest with cycloheximide; however, in light of the ability of cycloheximide to raise steady-state transcript levels this evidence is inconclusive. The uniformly high levels of Arabidopsis cyclin CYCD3 transcript observed after the S phase during the subsequent mitosis correlates with the relatively constant levels of mammalian D1 cyclin mRNA maintained throughout the cell cycle (Matsushime et al., 1991; Sewing et al., 1993) . However, the decay in synchrony with which suspension-culture cells traversed the cell cycle after mitosis precluded accurate quantification of CYCD3 transcript levels during early G1. Arabidopsis cyclin D3 transcript levels were strongly dependent on the provision of nitrate and exogenous phytohormones, which is consistent with the observed induction of CYCD3 expression by cytokinins (Soni et al., 1995) and the sensitivity of mammalian cyclin D levels to the presence of serum growth factors (Ando et al., 1993; Sewing et al., 1993) .
The CYCMs4 gene identified in alfalfa is structurally similar to that of CYCD3 (Dahl et al., 1995) ; its pattern of expression is also similar. Our tentative observations that CYCD3 expression precedes the S phase are supported by the increase in CYCMs4 transcript levels before the increase in histone H3-1 transcript levels in both phosphatesynchronized alfalfa cell-suspension cultures and cells of stimulated leaves to resume division (Dahl et al., 1995) . The low levels of CYCD3 expression observed during hydroxyurea arrest (Soni et al., 1995) are paralleled by reduced CYCMs4 transcript levels during aphidicolin arrest (Dahl et al., 1995) , suggesting that a reduction of D3-type cyclin transcript is a feature common to inhibitors such as hydroxyurea and aphidicolin, which block the S phase by preventing chain elongation (Levenson and Hamlin, 1993) . This is in contrast to the expression of histone genes in tobacco BY-2 cells, in which hydroxyurea blocks cells with low levels of histone expression and aphidicolin blocks cells with high levels (Reichheld et al., 1995) .
The resultant pattern of G1/ S to M phase expression for CYCD3 and CYCMs4 correlates well with the role mammalian D-type cyclins have in the direction of cyclin-dependent kinase phosphorylation of the retinoblastoma protein Rb (Sherr, 1995) . This protein becomes phosphorylated during the late G1 and S phases, remaining so until early G1 (Hamel et al., 1992) . In this way CYCD3 and CYCMs4 expression patterns support arguments (Dahl et al., 1995; Soni et al., 1995) that in plants D-type cyclins perform a similar role in phosphorylating Rb-related proteins.
Together, these results support a model in which plant D cyclins form part of the cellular machinery integrating diverse signals that impinge upon the commitment to cell division, as opposed to the machinery that deterministically executes that decision (Murray, 1994; Soni et al., 1995) . The difference between transcript levels of CYCD2 and CYCD3 in cycloheximide-treated suspension-culture cells, compared with hydroxyurea and the colchicine-treated liquid-cultured callus, underlines the caution that must be exercised when interpreting the results of experiments involving the treatment of cells with inhibitors, in which mechanisms of action and secondary effects are often poorly understood.
Expression of CYCI, CYC2, and CYC3 in Synchronized Cells
Release of the synchronized culture from cycloheximide was followed by the transcript levels of CYC1, CYC2, and CYC3, reaching a maximum 16 h after release, coincident with the peak in mitotic index. These results are compatible with a role for these cyclins in G2/M. However, notably different kinetics of accumulation were observed, suggesting functional differences.
CYC3 mRNA accumulation started within 8 h after release, coincident with histone H4 expression, but later than cyclin D3 mRNA, accumulation of which started after 2 to 4 h and reached a maximum at 8 h. Therefore, it appears to be the first mitotic cyclin required during the cell cycle, with a role during the S phase. Further accumulation occurred during G2/M, followed by a decline as the mitotic index decreased. CYCl and CYC2 were observed to accumulate with similar kinetics starting within 12 h after release, although the relative induction of CYCl was much greater than CYC2. Both were found to decline after 16 h, following the peak in mitotic index. We ascribe the failure of cyclin transcript levels to return to basal levels subsequent to mitosis to a decay in synchrony, due to a proportion of the population lagging in their progress through the cell cycle.
In contrast, colchicine-arrested A. thaliana suspensionculture cells had low levels of CYClAt transcript (Hemerley et al.,,1992) . However, the use of the more stringent inhibitor oryzalin on root tip cells resulted in cells express-ing CYClAt at high levels (Ferreira et al., 199413) . The reason for this difference is probably the ability of oryzalin to arrest cells in metaphase for longer than colchicine (Sree Ramulu et al., 1991) . The low levels of CYC2 and CYC3 transcripts in oryzalin-arrested root cells (Ferreira et al., 1994a) contrasts with the pattern of expression we report and with that of human mitotic cyclin transcripts in cells arrested at metaphase with the microtubule inhibitor nocodazole when elevated levels of both cyclin A and B transcripts are present (Pines and Hunter, 1990) . The interpretation of oryzalin-arrested root-cell transcript levels is complicated by the length of time of inhibition. Similar treatment of potato suspension-cultured cells results in a significant proportion of cells forming micronuclei during arrest, and a high frequency of polyploid cells upon release (Sree Ramulu et al., 1991) . The biochemical state of the A. thaliana cells during prolonged oryzalin arrest may therefore resemble more closely early G1 than metaphase. Human cyclin A transcripts are less stable than cyclin B transcripts in G1 (Pines and Hunter, 1990) , and a similar difference between A. thaliana cyclins could explain the levels of mitotic cyclin transcript in oryzalin-arrested root cells while allowing for a peak at G2/M. The increase in CYC3 transcript levels that we have observed starts in the S phase, significantly earlier than CYCl or CYC2. This is in agreement with high transcript levels of CYCS and low levels of CYCZ and CYC2 transcripts in hydroxyurea-arrested cells (Hemerley et al., 1992; Ferreira et al., 1994a) . Renaudin et al. (1996) have proposed a new nomenclature for plant cyclins, reflecting their relationship to animal cyclins. Three classes of plant cyclin A and two classes of plant cyclin B are defined, in contrast to the single cyclin A and three B cyclins found in vertebrates. The Arabidopsis cyclin CYCZ falls into the B1 group, CYC2 into the 82 group, and CYC3 into the A2 group. These classifications allow us to relate the expression observed to that reported in other plant species. Setiady et al. (1995) examined expression of tobacco cyclins in synchronized BY-2 cells. The A-type cyclin genes NtCYC25 (class Al) and NtCYC27 (class A2) are induced within 3 h of an aphidicolin block, well before NtCYC29, a class B1 cyclin gene. This is consistent with our data that show earlier induction of CYCS (A2) than CYCZ (81) or CYC2 (B2). Kouchi et al. (1995) used double in situ hybridization analysis on soybean shoot apices to show that a B1 cyclin (CYC5Gm) is expressed in the G2-to-M phases, whereas an A1 cyclin (CYC3Gm) is expressed from the late S-to-M phases. Kouchi et al. (1995) also report that the class A3 cyclin (CYC1Gm) is expressed only for a short period during the S phase, a pattern of expression observed only with this class of cyclin. These data and those we report here are therefore consistent with those for mammalian cyclins, in that cyclin A is expressed from the S-to-M phase, and B cyclins start to accumulate later, during G2 (Pines and Hunter, 1989, 1990) .
